The conformational change for the alternating purlnepyrimldine polydeoxyribonucleotldes I.e. poly d(A-T), poly d(G-C), and poly d(A-C) poly d(G-T) from a righthanded conformation at room temperature to the lefthanded Z-DNA like double helix at elevated temperatures has been studied by UV spectroscopy, Raman spectroscopy, and by adlabatlc differential scanning mlcrocalorlmetry (DSC) In the presence of Na + and Mg 2+ or Nl 2+ respectively as counterlons. The differential UV spectra reveal through a hyperchromlc shift at around 280nm and a hypochromic shift at 260nm that a conformational change to the left-handed conformation occurs. The Raman spectra clearly show characteristic changes, a drastic decrease of the band at 680cm-1 and the appearance of a new band at 628cm-1 , due to the change of the purlne bases to the syn conformation upon Inversion of the helix-handedness. The course of the transition as function of temperature can be followed quantitatively by plotting the change in the excess heat capacity vs. temperature. The transition enthalpy AH for the B-to Z-DNA transition per mole base pairs (mbp) amounts to 2.
INTRODUCTION
The conversion from a smoothly winding right-handed canonical B-DNA conformation to the zigzag-shaped kinked left-handed Z-DNA conformation was initially detected by means of circular dichroism (CD)spectroscopy of poly d(G-C) at high sodium ion concentration (1) and later confirmed by the X-ray analysis of crystals grown from the oligonucleotide d(CpG>3 at 5M sodium (2) . Since then the Z-DNA conformation has been studied by a large variety of physico-chemical and biological techniques under a large variation of experimental conditions (for a review see Rich et al. 1984 (3) ). The left-handed conformations studied have been forced upon oligonucleotides by exposing them to a combination of highly concentrated monovalent ions such as sodium and at the same time adding low concentrations of transition metal cations (4, 5) or by the addition of organic solvents to the aqueous environment (6) . The Z-DNA conformation can be induced in polymers by similar environmental changes or by inserting of the alternating purine-pyrimidine sequence into a supercoiled plasmid (7) . Characterization of the actual conformational state of the polynucleotide has been carried out by a variety of spectroscopic techniques at ambient temperatures (8) (9) (10) (11) (12) (13) (14) . Only a few thermodynamic studies on the B-to Z-DNA transition have been reported so far (15) (16) (17) .
In this paper we report the results of an investigation into the temperature driven B-to Z-DNA and Z-DNA to coil transitions of three different alternating purine-pyrimidine polynucleotides followed by Raman spectroscopy and by differential scanning calorimetry.
MATERIALS AND METHODS
The polynucleotides poly d(G-Q, Got 00782-73), poly d(A-Q.poly d(G-T) (lot 527940) and poly d(A-T) (lot 00782-38) were purchased from P.L. Biochemicals, Freiburg, Germany.
The polynucleotides were allowed to dissolve in double distilled water for two days to yield a homogeneous solution before being transferred into the buffered salt solution (lOmM sodium phosphate, 50mM NaCl, pH7.5.) These solutions were finally supplemented with the appropriate amount of NiCl 2 (see text). The polynucleotides were diluted to a final concentration of approximately 10 A^ per ml.
UV spectra were recorded with the help of a Hitachi-Perkin Elmer Model 124 spectrophotometer; the transition curves at fixed wavelength were recorded on a Pye Unicam 1800 spectrophotometer with a pressurized cell compartment to enable measurements at and above 100°C (18) . Calorimetric experiments were performed using a DAMS 4 differential adiabatic scanning microcalorimeter (19) (Neotype, Bergisch-Gladbach, Germany).
Comparison of the experimentally obtained peak areas with an electronically created calibration peak allows the determination of the actual transition energy AH. (20) Since, as will be shown later, the transitions can be regarded as reversible processes, the transition entropy can be calculated by using Gibbs-Helmholz equation. For details of the calorimetric measurements see review by H.H. Klump (19) .
Raman spectra were obtained using a Coderg Raman spectrophotometer interfaced to a ATARI 1025 desktop computer for multiscan registration. The temperature of the cell compartment was maintained by a Haake thermostated waterbath. Band assignment was as described previously (21).
RESULTS

Poly d(A-T)
Monitoring the conformational state of poly d(A-T) as a function of temperature by recording A285 vs. temperature on addition of 100 raM Ni 2+ ions to the polynucleotide solution in the presence of 5M NaCl displays a markedly changed shape of the transition curve (data not shown) and a drastic drop in the transition temperature by approximately 20°C (Tm: 55 °C) as compared to the initial transition curve (Tm: 75 °C). We conclude from the decreased thermal stability of the helical structure in the presence of Ni 2+ ions that the two transitions correspond to two different molecular processes. From the characteristic changes in the spectrum of poly d(A-T) at high temperature (data not shown), we assign the transition in the presence of 5M NaCl to the order-disorder (right-handed helixcoil) transition of the polynucleotide. In the presence of additional Ni 2+ ions, however, the transition appears to represent a distinctly different conformational change, possibly an order-order transition such as the formation of the Z-helix (10). We characterized the conformational states of poly d(A-T) at low and high temperature in the presence of Ni 2+ ions using Raman spectroscopy. It has been shown by E.Taillandier et al. (8) that the B to Z transition can readily be detected in the spectral region between 600cm~' to 700 cm" 1 . The characteristic changes observed in the Raman spectrum of poly d(A-T) in 5M NaCl and lOOmM Ni 2+ accompanying the temperature increased from 20°C to 75°C (Fig. 1) confirm the inversion of helical handedness since at the higher temperature the band at 678 cm" 1 has decreased and a new band at 628cm~' has appeared.
The correlation between the observed transition temperature (Tm) and the sodium ion concentration in the absence of Ni 2+ ions is shown in (Fig. 2 ) (22)). First the Tm increases linearly by 17°C per tenfold increase in the sodium concentration up to approximately 500mM Na + . Between 1M and 2M Na + the Tm stays constant; above 2M Na + the Tm decreases slightly with further increasing sodium concentration. Addition of a fixed concentration of Ni 2+ ions to the polynucleotide solution (150 mM) caused a drop in Tm of 30°C. The lower curve depicts the effect of sodium ion concentration on the B to Z transition in the range of 1-5M Na + and in the presence of 150mM Ni
2+
ions. Increasing the Ni 2+ ion concentration at a fixed sodium concentration (5M) caused the Tm to decrease (Fig. 3a) There is a logarithmic dependency of the Tm on the Ni 2+ ion concentration between 20mM and 100 mM Ni 2+ (Fig. 3b) .
To obtain the true transition enthalpy (per mole base pairs) for the inversion from a right-handed to a left-handed helix, the polynucleotide solution was heated in a differential adiabatic microcalorimeter (DSC) and the change in heat capacity was recorded as a function of temperature. The molar transition enthalpy AH per base pair was determined to amount to 4 ± 0.4 kcal/mbp. The transition entropy AS for the inversion of poly d(A-T) at 55 °C (Tm) was calculated from the ratio of AH/Tm to be 12.2 cal per mol base pairs per°C, and finally the transition free enthalpy AG at standard conditions was calculated to amount to 0.366 kcal/mol base pairs (cf. Table 1 ), assuming that the inversion is completely reversible, and that the enthalpy change is temperature independent. 
Poly d(G-C)
The UV-spectrum of poly d(G-C) in the presence of not more than 0.3 mM NaCl remains unchanged by a temperature increase up to approximately 80°C (cf .Fig.4a ); above this threshold temperature a pronounced shoulder appears in the spectrum at 275nm which is indicative of the inversion of the handedness of the helix. The plot of the absorbance A 2 7j vs. temperature (Fig.4b) showed a sigmoidal transition centered about the transition temperature Tm of 90°C. The results demonstrate that in the case of poly d(G-C) there is a temperature driven righthanded helix to left-handed helix transition at very low sodium ion concentration even in the absence of any added transition metal such as Ni. (23). To compare the thermal stability of the three different alternating polynucleotides under the same set of experimental conditions we measured the thermally driven conformational changes as a function of the sodium ion concentration in the absence and the presence of Ni 2+ as shown for poly d(A-T) (cf Fig.2 ) by monitoring the change in Tm as function of the total cation concentration (Fig.5) . The general tendency of the Tm change as a function of changes in the sodium ion concentration was comparable to that observed for poly d(A-T)). Between 1 mM and 100 mM NaCl a tenfold increase in the sodium ion concentration shifts the Tm by 17°C upwards to a maximum value of 115°C at 200mM NaCl. Increasing the sodium ion concentration further beyond 200mM leads to a bifurcation for the system. A further increase in the sodium ion concentration resulted in the B-DNA structure being converted to the Z-DNA structure which in turn was converted to the random coil when the temperature was further increased. Addition of Ni 2+ ions induced an instant change to the lefthanded conformation even at unfavorable low sodium ion concentrations. The left-handed helix was denatured to the random coiled structure above 110°C. The transition enthalpy for the helix/helix transition and the two types of helix to coil transition were measured as described for poly d(A-T). (cf. Fig.6 , and Table 1) The results of the UV-spectroscopic measurements demonstrate that the addition of a small quantity of transition metal ions converts the temperature independent equilibrium between the two conformational states of poly d(G-C) (1), which only depended on the sodium ion concentration, into a temperature-dependent equilibrium which could reversibly be shifted by raising or lowering the temperature. The actual conformational state can either be monitored by UV or by Raritan spectroscopy where the appearance of a new band at 628cm ~' and the disappearance of the band at 680cm" 1 ( Fig. 7) is assigned to the inversion reaction. (8) 
Poly d(A-Q poly d(G-T)
The same thermal behavior as was coformational changes. The low temperature step is due to a cooperative and symmetric transition which requires only a small transition energy, which is characteristic for an order/order transition. The high temperature step is obviously due to a conformational change of the polynucleotide structure which is expressed in a pronounced change in the heat capacity as in helix to coil transitions. The transition enthalpy is approximately three times bigger than the enthalpy change which accompanies the low temperature transition. Also a much greater increase in the A2<5Onm was observed. This latter step is attributed to a transition from the left-handed Z-DNA helix to the randomly coiled conformation, while the first transition is assigned to the B-DNA to Z-DNA transition. The assignment is based on the Raman spectrum ( Fig. 8 ) which showed the characteristic band changes described above. The complete phase diagram is given in Fig.9 . A considerably lower concentration of added Ni 2+ ions (at the same sodium ion concentration) was sufficient for the inversion of the poly d(A-Q poly d(G-T) helix to the Z-DNA conformation compared with poly d(A-T). We assign the upper curve to the helix to coil transition and the lower curve to the temperature course of the inversion reaction. In contrast to poly d(A-T) but in accordance with poly d(G-C), the Z-DNA conformation can be induced by an increase in the sodium ion concentration without addition of Ni 2+ ions. It is, however, much easier to induce this conformation by the combined influence of a moderate sodium ion concentration (1.5M) and a low Ni 2+ concentration (40mM). The transition enthalpies as obtained by DSC are presented in Table I . 
DISCUSSION
In theory all strictly alternating purine/pyrimidine duplex helices can undergo the right-handed helix to left-handed helix order/order transition under suitable experimental conditions (1-5). The environmental conditions required for adopting the Z-DNA conformation, however, were very different for the three polynucleotides studied so far. In all cases high sodium ion concentrations and/or organic solvents, sometimes supplemented with transition metals such as Ni 2+ were required for the inversion reaction. The conformational states were characterized by a variety of spectroscopic methods only at room temperature (9) (10) (11) (12) (13) (14) . The induction of the left-handed helical conformation by temperature has been only shown for the methylated analogue poly d(G-m 5 Q (5).
To measure the change in excess heat capacity (by DSC) clue to the inversion reaction it is necessary to find experimental conditions which allow to shift to the actually most stable conformational state by the proper choice of low or high ambient temperature (20) .
The conformational state has to change reversibly in a limited temperature interval in a cooperative manner. The change of the conformation has to be monitored by at least two independent spectroscopic methods in addition to the calorimetric results. It is convenient to use the spectral change in the UV spectrum around 285nm, and/or the appearance of a new band in the Raman-spectrum at about 630cm" 1 to characterize the lefthanded conformation of the polynucleotides. Both spectral changes are assigned to the emergence of the Z-DNA conformation. (8) When the same solutions are subjected to a rise in temperature in the microcalorimeter a change in excess heat capacity due to the structural transition of the dissolved polynucleotide was observed. All contributions from the solvent are cancelled because of the differential setup of the microcalorimeter which compares the thermal behavior of the sample solution with a suitable reference solution, generally the buffered solvent. The instrument records the electric power at any time which is needed to compensate for the temperature difference between the sample and the reference solution due to the endothermic inversion reaction (25) . The power multiplied by the time to bring about the conformational change results in the transition energy.. The exact knowledge of the polymer concentration enables to determine the transition enthalpy per base pair. The comparison of the free enthalpy changes for the corresponding transitions of the three polynucleotides studied (cf. Table I ) allows to classify the conformations according to their relative stability. Poly d(G-C) appears to be the most stable helix with respect to AH and to AG in the B-DNA conformation as well as in the Z-DNA conformation while poly d(A-T) seems to be the least stable lefthanded and/or right-handed conformation among the three polynucleotides studied. The difference between the three is in the range of 1.8 kcal per mol base pairs, due to the extra Hbond in the GC base pair (26) Unfortunately the enthalpies of formation of the B-DNA and the corresponding Z-DNA conformation for each of the three polynucleotides are not directly comparable, because of the differences in experimental conditions for the particular conformation.
Since the inversion reaction from B-DNA to the Z-DNA structure is endothermic and the inversion occurs spontaneously at elevated temperature the term of TAS in the Gibbs-Helmholz equation must override the AH term.
The inversion enthalpies follow the opposite order from the helix coil transitions. The poly d(A-T) inversion is far more endothermic (100%) than the thermally driven inversion of d(G-C) to the left-handed Z-DNA helix, and it requires 50% more energy than observed for poly d(A-C) poly d(G-T). The entropy change for the inversion reaction is markedly smaller than the comparable entropy change for the helix to coil transitions. This is understandable since in the case of the inversion reaction both the initial state and the final state are double helical, while in the case of the helix coil transition the initial state is a helix and the final state results in a pair of single-stranded coils. If we assume that the number and the character of the H-bonds between the corresponding strands of the B-DNA and the Z-DNA respectively has not changed during the inversion the entropy change AS observed has to be attributed to a difference in the extent of stacking and/or of solvation around the final helical conformation. It is observed that the slope of the graphs, which relate the change in transition temperature to the change in cation concentration is negative and remarkably steeper for the inversion reaction as compared to the helix to coil transition, where the slope is positive and less steep. This difference in slope reflects a change in the cation binding and/or in the extent of solvation upon the inversion of the helix handedness. The change in the solvation around the polynucleotide helix is capable to make an entropic contribution to the free enthalpy change which accompanies the spontaneous Z-DNA formation at elevated temperatures. The conformational change can be induced either by adding high concentration of cations, or by organic solvents added to the aqueous solution, or locally by adding transition metal ions such as Ni 2+ which bind to the N7 position of the purine ring and simultaneously coordinate water molecules around this position. It seems to by crucial that the local hydration shell is altered to favour the Z-DNA structure over the B-DNA structure. The inversion energy is surprisingly low for all three polynucleotides. It is especially low for poly d(G-C) the first polynucleotide for which the inversion reaction was studied, and it is highest for poly d(A-T) the formost hydrated helix among the three sequences studied.
Summing up we can state that the thermodynamic data presented in this paper will allow us to discuss and compare the stability of the right-handed and the left-handed helixes respectively, and to quantize the energy required for the thermally induced inversion from B-DNA to Z-DNA conformation for all strictly alternating polynucleotides which contain only the canonical base pairs (AT) or (GC) or a 1:1 mixture of both.
